We study thermal annealing effects on the size and composition variations of indium-aggregated clusters in two InGaN thin films with photoluminescence ͑PL͒ in the yellow and red ranges. The methods of investigation include optical measurement, nanoscale material analysis, and theoretical calculation. Such a study is important for determining the relation between the band gap and the average indium content of InGaN. In one of the samples, the major part of the PL spectrum is shifted from the yellow band into the blue range upon thermal annealing. In the other sample, after thermal annealing, a broad spectrum covering the whole visible range is observed. Cathodo-luminescence ͑CL͒ spectra show that the spectral changes occur essentially in the photons emitted from the shallow layers of the InGaN films. Photon emission spectra from the deeper layers are essentially unaffected by thermal annealing. The spectral changes upon thermal annealing are mainly attributed to the general trend of cluster size reduction. This interpretation is supported by the CL, x-ray diffraction, and high-resolution transmission electron microscopy results. To obtain a basic physics picture behind the spectral blue shift upon thermal annealing in the yellow emission sample, we theoretically study the quantum-confinement effects of InGaN clusters based on a quantum box model. The theoretical results can generally explain the large blue shift of PL spectral peak position.
I. INTRODUCTION
Recently, the characteristics of InN have become the subject of much attention. In particular, experimental data have shown that the band gap of InN is around 0.75 eV, 1, 2 instead of the previously reported value 1.9 eV. 3 Such a dramatic change of InN band gap implies the need for careful examination of InGaN characteristics, particularly when the indium content is high. Also, the recently identified smaller band gap of InN implies that InGaN has the potential for an optoelectronics application in a much broader spectral range. With the average indium contents of lower than 30%, InGaN compounds have been widely used for the fabrications of UV, blue, and green light-emitting devices. However, studies on the optical properties and nanostructures in such compounds of relatively higher indium contents ͑emitting yellow, red, or even longer-wavelength photons͒ were rarely reported. 1, 4 Recently, indium aggregation in InGaN has been observed ͑see the discussions below͒. Such behavior implies that the reported InGaN band gaps may originate from indium-rich clusters, and are due to quantum confinement.
They cannot be used for describing the bulk material properties of InGaN. The study on the indium aggregation phenomena, particularly when the average indium content is higher than 30%, can help us understand the relation between the InGaN band gap and its average indium content. Due to the large lattice mismatch ͑11% in the c axis͒ between InN and GaN, their miscibility is quite low. In this situation, indium aggregation and phase separation can occur in InGaN through the process of spinodal decomposition. 5 In this process, the ''up-hill'' diffusion of indium atoms leads to the formation of high-indium InGaN clusters such that the strain energy can be released. Under certain conditions, the sizes of the clusters can be reduced to a few nanometers and strong quantum confinement is generated. In other words, InGaN quantum dots ͑QDs͒ can be formed. With such cluster structures, carriers can be localized in the potential minima for effective radiative recombination. [6] [7] [8] It is believed that the carrier localization mechanism is the key to the efficient photon emission in such a compound of high defect density a͒ (ϳ10 8 cm Ϫ3 ). Typically, the process of indium aggregation and hence the effect of carrier localization become stronger with increasing average indium content. 5, 9 The effect of carrier localization has been regarded as one of the major mechanisms for the temperature-dependent S-shape variation of the photoluminescence ͑PL͒ spectral peak. 2, 10 The temperature-dependent behavior originates from the localization of thermalized carriers and hence a blue shift of PL spectral peak in a certain temperature range. On the other hand, such an S-shape variation was also interpreted as the result of quantum-confined Stark effect ͑QCSE͒ in an InGaN/GaN quantum well ͑QW͒ structure.
11,12 QCSE originates from the strain-induced piezoelectric field distribution in a QW. The tilted potential leads to a red shift of the effective band gap. The existence of phonons at a relatively higher temperature can reduce the QCSE and generate a blue-shift trend. 13, 14 The combination of the basic red shift ͑phonon effect͒ and the blue shift results in the S-shape behavior.
Post-growth thermal annealing can provide thermal energy for atomic rearrangement such that a thermal equilibrium state can be reached. It has been reported that postgrowth thermal annealing could alter the sizes and distributions of self-organized InAs QDs. 15, 16 In our previous studies, it was found that post-growth thermal annealing was quite effective for changing the cluster structures and their photon emission properties in InGaN/GaN QW samples. [17] [18] [19] This group has reported the formation of quasiregular quantum-dot-like structures from randomly distributed indium-aggregated clusters upon thermal annealing of an InGaN/GaN QW sample. 17 The effects of thermal annealing in QW samples of different well widths have also been studied. 18, 19 It was discovered that under appropriate thermal annealing conditions, well-shaped QDs could be formed through spinodal decomposition in a narrow QW sample ͑well width Ͻ3 nm͒, leading to radiative efficiency improvement. However, in a sample of a relatively larger QW width ͑well width Ͼ3 nm͒, QD formation or optical quality improvement was not observed. 19 Although indium aggregations through spinodal decomposition have been observed in InGaN/GaN QWs and thin films, their optical characteristics and nanostructures, particularly when the average indium content is higher than 30%, have not been well studied yet. Also, in such a sample, the effects of post-growth thermal annealing, which may further induce spinodal decomposition such that the equilibrium condition can be reached, have never been reported. In this article, we report the optical characteristics of two InGaN films with PL in the yellow and red ranges. In particular, the post-growth thermal annealing effects are discussed. In one of the samples, after thermal annealing, the PL spectral peak shifts from the yellow band into the blue range. This shift is particularly clear for photons emitted from the shallow portion of the InGaN thin film. In the other sample of even higher average indium content ͑red emission͒, the PL spectrum broadens to cover almost the whole visible range upon thermal annealing. The spectral changes are mainly attributed to the general trend of cluster shrinkage through spinodal decomposition. In the process of spinodal decomposition, the increase of indium composition within a cluster and the shrinkage of the cluster size may produce the counteraction between the red-shift and blue-shift trends. To determine the dominating mechanism, we use a simple but reasonable InGaN quantum cube model and theoretically study the quantum-confinement effects in nanometer-scale InGaN cluster. The theoretically predicted trend of PL peak position can generally explain the large blue-shift trend in PL peak position upon the thermal annealing process. This paper is organized as follows: In Sec. II, sample structures and experimental procedures are described. In Sec. III, optical characterization results, including PL, photoluminescence excitation ͑PLE͒, and cathodo-luminescence ͑CL͒, are reported. Also, the x-ray diffraction ͑XRD͒ patterns are presented. In Sec. IV, theoretical results of band structure calculations are discussed. Finally, discussions and conclusions are given in Sec. V.
II. SAMPLE PREPARATION AND EXPERIMENTAL PROCEDURES
The two samples ͑designated as samples Y and R͒ used in this study were grown in a low-pressure metal-organic chemical vapor deposition reactor. In each sample, a ϳ1.5 m GaN epi-layer was deposited on a c-plane sapphire substrate with a 25 nm GaN buffer layer. The GaN epi-layer growth was followed by the deposition of a slightly silicondoped InGaN film with a thickness of ϳ0.15 m. The average indium contents were estimated slightly higher than 30% and 40% in samples Y and R, respectively, determined by the indium and gallium flow rates during crystal growth. The silicon doping concentration was 4ϫ10 17 cm Ϫ3 . The growth temperatures of the GaN buffer layer, GaN epi-layer, and InGaN layer were 550, 1050, and 710°C, respectively. In growing the GaN epi-layers and InGaN thin films, pressure of 325 torr was used. Trimethylgallium ͑TMGa͒ and trimethylindium ͑TMIn͒ were used as the precursors. The carrier gases for growing InGaN and GaN were nitrogen and hydrogen, respectively. High purity ammonia was used as the active nitrogen source. The GaN and InGaN growth rates were 3.6 and 0.3 m/hr, respectively. Post-growth thermal annealing was conducted at 800°C for 30 min in ambient nitrogen.
PL measurements were carried out with the 325 nm line of a 35 mW He-Cd laser for excitation. PLE experiments were performed using a quasimonochromatic excitation light source from a xenon lamp dispersed with a monochromator. The PLE detection photon energy was set at the PL spectral peak. The CL images were acquired using a Gatan monoCL3 spectrometer in a JEOL JSM 6700F SEM system. The kinetic energies of electrons for CL measurements ranged from 3 to 15 keV with an electron beam current of 60-300 pA. The surface spatial resolution is about 100 nm. In addition, XRD measurements were carried out using Cu K radiation, monochromated with the ͑111͒ reflection of Ge single crystal. The high-resolution transmission electron microscopy ͑HRTEM͒ investigations were performed using a Philips TECNAI F20 field-emission electron microscope with an accelerating voltage of 200 kV. All high-resolution micrographs were taken at the Scherzer defocus. The samples were viewed along a ͓11-20͔ zone axis for bright-field images. To clearly show the compositional variations in InGaN alloy, digital micrograph 3.7.4 software was utilized to sharpen the boundaries between indium-rich clusters and the surrounding compounds. Figure 1 shows the PL and PLE spectra at 10 K of the as-grown and annealed samples Y. It is noted that PL spectral peak of this sample has shifted from the yellow band ͑around 2.2 eV͒ to the blue range ͑around 2.75 eV͒ after thermal annealing. The blue-emission contribution as a small sidelobe can also be observed in the PL spectrum of the as-grown sample. Usually, PL emission essentially originates from a shallow layer of the sample. Therefore, we can exclude the possibility that the yellow-band emission comes from the defects in GaN. 20 The PLE spectrum of the as-grown sample Y shows multiple InGaN absorption peaks, corresponding to the clusters of different geometries and compositions. The Stokes shift ͑SS͒ of the PL peak with respect to the PLE absorption maximum ͑around 3.05 eV͒ is as large as about 1 eV, indicating the strong indium composition fluctuation and/or strong QCSE. After thermal annealing, the spectral position of the major absorption peak near 3.05 eV is unchanged. This energy level may correspond to the background indium composition, on top of which higher indium compositions fluctuate, in the as-grown and annealed samples. The distribution of the higher indium composition fluctuation varied upon thermal annealing such that the PL spectrum blue-shifted and the SS became quite small ͑around 200 meV͒. However, it seems that the background indium composition did not change upon thermal annealing. Figure 2 shows the PL spectra of the as-grown and annealed samples R and the PLE spectrum of the as-grown sample R at 10 K. After thermal annealing, the luminescence shows multiple-band emission including red, green, and blue, which may come from the contributions of InGaN clusters of different compositions and sizes. In other words, upon thermal annealing the nanostructures of part of the clusters were changed to emit shorter-wavelength photons. The large SS ͑1.1 eV͒ of the as-grown sample R shows the stronger indium composition fluctuation and/or QCSE when compared with the as-grown sample Y. It is noted that after thermal annealing, photon emission from sample R became quite dim such that the measurement of its PLE spectrum was difficult. Figure 3 shows the typical CL images of the as-grown ͑a͒ and annealed ͑b͒ samples Y, both with the excitation of 3 kV electrons. The 3 kV represents the electron acceleration voltage and roughly corresponds to a penetration depth of 88 nm. Therefore, only the shallow portions of the InGaN thin films are excited. The light spots of a few hundred nanometers in size in the CL image of the as-grown sample Y emit essentially yellow and relatively weaker blue photons. They are supposed to correspond to the indium-aggregated clusters. After thermal annealing, the CL image becomes blurred. Actually, the image in Fig. 3͑b͒ consists of many tiny light spots at the order of 100 nm in size, which is close to the spatial resolution of the used CL system. Those tiny light spots essentially emit blue light. The generation of those tiny light spots implies that the cluster sizes in the InGaN film might be generally reduced upon thermal annealing, particularly in the shallow portion. Figure 4 shows the typical CL images of the as-grown ͑a͒ and annealed ͑b͒ samples Y, both The same argument can be applied to the annealed sample Y. Figure 5 shows the typical CL images of the as-grown ͑a͒ and annealed ͑b͒ samples R, both with the excitation of 3 kV electrons. Compared with the CL image of the as-grown sample Y ͓see Fig. 3͑a͔͒ , that of the as-grown sample R shows light spots of a larger variety in size. This observation is consistent with the speculation of the stronger indium composition fluctuation in the as-grown sample R based on the PLE results. After thermal annealing of sample R, the CL image seems almost featureless. Nearly uniform tiny light spots, with the sizes close to the spatial resolution of the CL system, are observed. Such an observation also implies the general trend of cluster shrinkage upon thermal annealing.
III. CHARACTERIZATION RESULTS
Figures 6͑a͒ and 6͑b͒ show the CL spectra of the asgrown and annealed samples Y, respectively. In each sample, the 3, 5, 8, and 15 kV electron voltages roughly correspond to the penetration depths of 88, 210, 450, and 1300 nm, respectively. In the as-grown sample, luminescence mainly in the yellow band is observed in a shallow layer ͑3 kV probe͒. With increasing electron voltage, not only the yellow band, but also the peak of blue luminescence ͑between 2.7 and 2.85 eV͒ can be observed. Also, with 8 and 15 kV electron excitations, the luminescence from the GaN layer ͑around 3.4 eV͒ can be clearly seen. Hence, it is believed that certain nanostructures, existing in the deep portion of the InGaN film, can emit photons in the blue range. This result is consistent with the side-lobe of the PL spectrum in the asgrown sample, as shown in Fig. 1 . After thermal annealing, in the shallow layer of the InGaN film ͑3 kV probe͒, only blue luminescence exists, that is again consistent with the PL measurement. With excitation of higher-energy electrons, the blue luminescence is enhanced and the GaN emission peak appears. Also, a broad yellow luminescence band is observed. This yellow luminescence is believed to originate from the defects in the GaN layer, instead of the cluster luminescence in the InGaN film. From the results described above, we speculate that after thermal annealing, the nanostructure of the shallow layer of the InGaN film has been changed into that similar to the structure resulting in blue luminescence in the deeper portion. Hence, the whole InGaN film emits blue light. The different nanostructures between the shallow and deep portions in the as-grown InGaN film can be due to the fact that in growing the shallow portion, the high growth temperature had an effect of thermally annealing the deep portion. The other possible reason for the different nanostructures between the shallow and deep layers is the effect of composition pulling in growing InGaN films. 21, 22 In other words, the average indium content in the shallow layer is higher than that in the deep layer. Different average indium contents result in different aggregation structures and hence different photon emission spectra. In our study, it is found that the deep-layer nanostructure does not seem to vary much upon thermal annealing. However, that in the shallow layer changes significantly.
Figures 7͑a͒ and 7͑b͒ show the CL spectra of the asgrown and annealed samples R, respectively, with different electron acceleration voltages. In the as-grown sample, only red luminescence is observed in a shallow layer ͑3 kV probe͒. With higher excitation voltages, not only the red band but also the broad visible range, particularly a small peak of blue luminescence ͑between 2.5 and 2.7 eV͒, can be observed. With increasing electron voltage, eventually the luminescence of the GaN layer appears. Hence, different nanostructures exist at different depths of the InGaN film in the as-grown sample R, leading to a broad spectrum of photon emission. This result is also consistent with the long tail on the high-energy side of the PL spectrum in the as-grown sample, as shown in Fig. 2 . After thermal annealing, broad CL spectra over the ranges of the visible and UV can always be observed with various excitation electron voltages ͓see Fig. 7͑b͔͒ , that is again consistent with the PL spectrum, as shown in Fig. 2 . Such results confirm the hypothesis of randomly distributed cluster structures of different sizes and compositions in the annealed sample R. Figure 8 shows the XRD patterns of the as-grown samples Y and R. Besides the GaN peak ͑C͒, the nearly pure InN peak ͑A͒, and the InGaN distribution ͑B͒, corresponding to indium composition fluctuation, clearly indicate strong indium aggregation processes in the samples. In these two and all other InGaN samples previously studied by this group, the distribution B always terminates at around 2ϭ33.2°, implying the solubility limit of InN in GaN at around 41%. This solubility limit is obtained based on a simple calculation of linear interpolation. It is noted that InGaN within a cluster is under compressive strain ͑affected by the surrounding InGaN of a lower indium composition͒. In other words, the calibrated indium composition based on the XRD measurement could be underestimated.
In the comparison between the as-grown samples Y and R, the broader distribution B and higher peak A in sample R once again confirm its stronger indium composition fluctuation. We have also compared the XRD patterns between the as-grown and annealed samples Y. 23 After thermal annealing of the sample, the distribution B splits into two components. The low-indium component is attached to the GaN peak. This phenomenon may imply a larger contrast of indium concentration between a cluster and the surrounding region. The component attaching to the GaN peak is related to the composition of the region surrounding the formed clusters.
The InGaN cluster formation and InN solubility limit in GaN have important implications in the related studies. Recently, because of the interest in InN characteristics, the relation between material band gap and indium composition has been studied. 1, 2 In such a study, caution needs to be taken in the measurement of material band gap. Because of the clustering nature of InGaN, the emitted photons for band gap determination mainly come from clusters, which may bear the quantum-confinement effect. In this situation, the calibrated energies are actually not the bulk material band gaps. Also, with the aforementioned solubility limit, the nanostructures of InGaN compounds of high average indium contents need to be carefully analyzed before one can determine their correct material band gaps. Figures 9͑a͒ and 9͑b͒ show the HRTEM images of the as-gown and annealed samples Y, respectively. The arrows show the directions of crystal growth. The cluster domain structures in both samples can be clearly seen. Although the domain geometry in either sample is quite random, one still can observe that the domain size in the annealed sample Y is generally smaller than that of the as-grown sample. During thermal annealing, spinodal decomposition generally reduces the cluster sizes in the case of our study. In this process, the indium content in an InGaN cluster is expected to increase. The increase of indium content is supposed to reduce the effective band gap. However, the shrinkage of cluster size should result in stronger quantum confinement and increase the effective band gap. The counteraction between the two mechanisms actually led to the significant blue shift in the PL spectrum of sample Y. In the next section, we will use a quantum cube model to calculate the effective band gap of a cluster with the experimental conditions taken into consideration. The aforementioned counteraction will be examined.
IV. THEORETICAL STUDY
To understand the blue-shift behaviors of the PL spectral peak upon thermal annealing, we performed a theoretical study by calculating the ground-state levels of a quantum box based on a series-expansion model. In the calculations, we used certain experimental data of sample Y as input parameters, including PL spectral peaks for the energy levels of the effective band gaps, PLE spectra and XRD patterns for the estimates of indium compositions, and HRTEM images for the sizes of indium-aggregated clusters.
In our calculations, the theory of a series expansion based on the eigen-functions of infinity barrier for the discrete-state wave functions is used. 24, 25 The strain effect is included by evaluating the lattice mismatch between the indium compositions of a cluster and the surrounding compound. For simplicity, we neglect the effect of electron-hole Coulomb interaction. In other words, the exciton effect is ignored. Although the exciton binding energy of GaN is quite large ͑ϳ30 meV͒, those of the InGaN compounds with high indium compositions in our samples are still unknown. The exciton binding energy usually decreases with decreasing band gap. Although strong quantum confinement can enhance the exciton binding energy, it has been pointed out that the increase of effective band gap in energy discretization is more important than the enhancement of exciton binding energy in calculating the effective band gap of a QD. 15 Therefore, in our model, it is reasonable to ignore the exciton effect.
With the exciton effect ignored, the equations for the electron and hole wave functions can be decoupled. The wave function solutions of electron and hole can be expressed as the series expansions of the complete sets of ortho-normal eigen-functions, with properly chosen coefficients, of a quantum box with the assumption that the barrier potential is infinitely high. With the barrier of infinite height, the amplitudes of the eigen-functions decay to zero at the box boundaries. However, with the finite barrier height in the real situation, wave functions extend into the barrier to a certain distance. To include the wave function penetration into the barrier, we choose the dimensions of the infinitybarrier quantum box to be twice those of the real quantum box, following an empirical conclusion. 25 This choice of the empirical factor can slightly influence the numerical results. However, the key physics is unaffected. After certain derivations, we can obtain a matrix eigen-problem, which is to be solved numerically. Ten terms are considered in the aforementioned series expansion for each dimension.
In general, with compressive strain in the quantumconfined region, the conduction-band and valence-band edges are shifted upward and downward, respectively. The strain-induced band structure modification of a quantum dot can be expressed with a product of strain components by a deformation potential. 15 With hydrostatic strains, the strain effects of the conduction band are decoupled from those of the valence band. In the following, we assume that strain is zero outside the quantum box and is compressive inside, as depicted in Fig. 10 . In this situation, at the ⌫ point, the conduction-and valence-band edges are modified by the energy shifts ␦E c and ␦E v , respectively. 15 In Fig. 10 , E n c (E n v ) (nϭ0,1,2,...,) represent the discrete energy levels in the conduction ͑valence͒ band. They are to be obtained by numerically solving the aforementioned matrix eigenproblem. Also, E g is the material band gap of the InGaN compound inside the quantum box. Table I lists the physical parameters used in our calculations. We use an edition of the band-gap energy for In x Ga 1Ϫx N as given in Ref. 1 . The band-edge discontinuity ͑band offset͒ ratio for the conduction and valence bands is assumed to be 0.67:0.33. 27 We calculate the parameters of In x Ga 1Ϫx N, other than material band gap energy, with the linear interpolation formula.
In our numerical calculations, we consider a quantum cube with the dimension L. Also, the indium composition of the barrier is fixed at 8%. This percentage is determined with the major absorption peak of the PLE spectra ͑around 3.05 eV͒ of the as-grown and annealed samples Y, as shown in Fig. 1 . With E g (x)ϭ3.05 eV, we can obtain xϭ0.08. This composition is consistent with the attached side-lobe ͑around 2ϭ34.4°͒ of the GaN peak in the XRD pattern of the annealed sample Y.
23 Figure 11 shows E 0 c values as functions of indium composition for several quantum cube sizes. With the same cube size, the E 0 c value increases with the indium composition inside the cube. As indium composition increases, the smaller electron effective mass of InGaN results in the increasing trend of E 0 c although the material band gap decreases. In addition, with the same composition inside the quantum cube, the variation of E 0 c is more sensitive to the change of cube size as indium composition increases. The smaller electron effective mass of InGaN with a higher indium composition can also explain this trend. It is noted that a bound state may not exist in the quantum cube if the composition contrast or the cube size is too small. 13 Figure 12 shows the E 0 v values as functions of cube indium composition for several cube sizes. Their general trends are the same as those of the electron. Figure 13 shows hydrostatic-straininduced energy shifts ␦E c and ␦E v as functions of the indium composition in the cube for the conduction and valence bands. As indium composition increases, the lattice mismatch between the cube and barrier becomes larger and hence the strain effect is enhanced.
With the calculation results based on the quantum cube model, we are ready to compare the theoretical predictions with the experimental data. As shown in Fig. 14 , we plot the electron transition energies, corresponding to the transition between the ground electron state and the ground heavy-hole state, versus the indium composition in the cube for several cube sizes. These transition energies, denoted by E PL , is defined as
At low temperatures, optically excited electrons and holes relax to individual ground states before recombination. Therefore, we can assume that the measured PL spectral peak corresponds to the energy E PL . In The results of 45% indium composition before annealing and 55% composition after annealing seem to contradict the solubility limit calibrated from the XRD measurements. Several possible explanations are given as follows: ͑1͒ as discussed in Sec. III, the solubility of 41% indium from XRD measurements is underestimated; ͑2͒ it is noted that in the real situation, the cluster interfaces are not as sharp as those of the assumed quantum cube in the theoretical calculations. Hence, the strains built in the QDs are expected to be weaker than the theoretical predictions. Therefore, the data curves in Fig. 14 are lower than those as shown. In other words, the indium compositions in the samples before and after thermal annealing can be lower than those described above; and ͑3͒ from the optical measurements, such as PLE, the QCSE can be significantly released after thermal annealing. Hence, the blue shift after annealing may not be completely due to the shrinkage of clusters. Although it is uncertain, the quantum dot may not be as small as 2 nm in size. The effect of QCSE relaxation deserves further investigation.
V. DISCUSSIONS AND CONCLUSIONS
Because of the relatively higher thermal annealing temperature ͑800°C͒, compared with the InGaN growth temperature ͑710°C͒, desorption of InN from the InGaN layer could occur during thermal annealing. Such a process could reduce the indium content and shrink the cluster size in the shallow layer of a sample. However, we speculate that this process is a minor one because based on the theoretical results in the last section, the indium composition in a cluster needs to be increased such that the significant PL blue shift after thermal annealing in sample Y can be well explained.
In summary, we have studied the indium aggregation phenomena in two InGaN thin films with PL in the yellow and red ranges and their variations upon post-growth thermal annealing through optical measurements, material analyses, and theoretical calculations. The Stokes shifts of the PL spectral peaks with respect to the major PLE absorption peaks in the as-grown samples could be as large as 1 eV, indicating the strong indium composition fluctuations and/or strong QCSEs. In one of the samples, the major part of PL spectrum was shifted from the yellow band into the blue range upon thermal annealing. In the other sample, after thermal annealing, a broad spectrum covering the whole visible range was observed. CL spectra showed that the spectral changes occurred essentially in the photons emitted from the shallow layers of the InGaN films. Photon emission spectra from the deeper layers were essentially unaffected by thermal annealing. The spectral changes upon thermal annealing were mainly attributed to the general trend of cluster size reduction. The interpretation was supported by the CL, XRD, and HRTEM results. To obtain a basic physics picture behind the spectral blue shift upon thermal annealing in the yellow emission sample, we theoretically studied the quantum confinement effects of the InGaN clusters based on a quantum cube model. The theoretical results generally explained well the large blue shift in PL spectral peak position.
